Fingerprints and footprints are common forms of forensic evidence and can be used to aid identification of individuals or link them to scenes. Ridge density refers to the number of friction ridges in particular demarcated areas, typically on the hand or foot. Previous studies have suggested ridge density as a marker for sexual dimorphism, and to a lesser extent, for ethnicity, which both have forensic significance in terms of presumptive demographic profiling of marks left on crime scenes. Here we studied footprint ridge density in two South African ethnic groups and report that ridge density in the heels was significantly higher in South African white Afrikaners (n = 50) than in Cape Coloured individuals (n = 50); left heel: white Afrikaans 9.88 ± 1.87, Cape Coloured 8.84 ± 2.16 (p < 0.05); right heel: white Afrikaans 10.02 ± 2.17, Cape Coloured 8.94 ± 1.80 (p < 0.05) (13-72 years old; 64 females and 36 males). As shown, logistic regression analysis can be used to generate receiver operating characteristic curves for a rule for ethnicity approximation based on ridge density measurements, from which a likelihood ratio can be determined. The value of these probabilities within a forensic context requires consideration in relation to Bayes' theorem which links the likelihood ratio and prior odds to yield the overall posterior odds. Our results suggest that, based on a ridge density measurement, the prior odds could approximately be doubled, and that footprint ridge density could be used as an attribute for ethnicity approximation. Ridge density was studied for the first time in Cape Coloured and white Afrikaans individuals and even though these two ethnic groups share some ancestry, significant differences in ridge density were observed between the groups in the heel areas of the feet.
Introduction
Human fingerprints and footprints are formed during gestation from patterns in friction ridge skin on raised portions of the epidermis, and their development is based on genetic, epigenetic, environmental and other factors [1] [2] [3] . Friction ridge patterns are considered unique to an individual and remain unchanged throughout life; thus fingerprints and footprints are used in forensic investigations for identification purposes [4, 5] .
Fingerprints are classified according to three levels of characteristics; level one refers to the overall pattern type (loop, whorl, arch) [6] ; level two to ridge formations or bifurcations; and level three to the ridge path deviation including pore configuration and ridge shape and width [4] . Friction ridge patterns on feet can also be also analysed based on the principles defined above for fingerprints [7] . Furthermore, the ridge density of friction ridges can be analysed; as defined by Acree, ridge density refers to the number of ridges in a defined area on a print or mark and is influenced by ridge width and the distance between ridges [8] .
Numerous studies have recorded significant differences between sexes in the ridge densities of fingerprints [8] [9] [10] [11] [12] [13] , palm prints [14, 15] 
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Inviting Innovations and footprints [16, 17] , with ridge density being significantly higher in females than in males. This difference was observed in fingerprints regardless of which area of the finger was used to determine ridge density [12] . These findings are consistent with an explanation proposed in the 1940s which noted that friction ridges in males are wider than in females; thus fewer ridges are observed in a given area in males, resulting in a lower ridge density [18, 19] . Gutiérrez-Redomero et al. suggested that ridge density of fingerprints could also be used to predict the ancestral origin of unknown individuals; whereby a ridge density of 14 or less could indicate a north west sub-Saharan African as opposed to Spanish origin [12] .
The potential of ridge density in footprints to predict ethnic group or origin in South Africa has not yet been investigated. This information would be particularly valuable in a South African context where predicting the ethnic group to which a mark or print belongs could add discriminatory value in terms of the presumptive demographic profile of the person leaving the mark. Therefore, the aim of this study was to investigate footprint ridge density in two South African ethnic groups. The applicability of this study is highlighted in the South African case Makwakwa and Others v S (A294/10) (2011) ZAFSHC 27 (11 February 2011) , where four out of seven appellants were found and arrested barefoot.
Materials and Methods
Cohort
In the selection of the initial ethnic groups for this pilot study it was important to consider the fact that South African ethnic groups are not completely distinct from one another, and individuals from different ethnic groups may exhibit mixed ancestry. In this study, race was defined according to the South African Census population groups, while ethnicity encompassed race together with cultural meaning. The two ethnic groups chosen for study were both Afrikaans speaking but from distinct geographical areas within South Africa, namely (i) South African white Afrikaners from Bloemfontein in central South Africa where White individuals comprise 29.8% of the total population (Census 2011); and (ii) Cape Coloured individuals from Touws River, a small railway town approximately 160 km northeast of Cape Town, where Coloured individuals comprise 84.9% of the total population (Census 2011). These groups were chosen for study since they generally reside in geographically separate areas but nevertheless share partial ancestry (mainly Dutch); thus making the results of this study more applicable to a South African context. The cohort therefore comprised a total of 100 unrelated individuals (aged 13-72 years) from two ethnic groups, South African Cape Coloureds (n = 50; 30 females and 20 males) and South African white Afrikaners (n = 50; 34 females and 16 males) ( Table 1) .
Ethics approval for this study was obtained from the University of the Free State; Faculty of Natural and Agricultural Sciences Ethics Committee, (reference number: UFS-HSD2014/0292) and the study was executed in accordance with the Declaration of Helsinki (1964) as amended in Brazil (2013). All volunteers gave written informed consent, or assent, to participate in the study and provided information about their ethnicity and ancestry on a data sheet.
Sample collection and analysis
Prints from the great toe and heel areas of both feet were collected from each participant using ink (45 x 65 mm SM-1 Micro ink pad). Participants were seated during sample collection and the collection card was placed onto the floor. This was carried out in an attempt to account for varying weight of participants. This is because the more downward pressure applied, the more distort the ridge density would appear. In this study, we wanted to assess the inherent footprint ridge density as a baseline for these ethnic groups, and not the influence of weight on ridge density. The variable of 'weight' therefore needed to be controlled. Since standing and walking increases the amount of weight on the foot (and distorts ridge density), footprints were collected whilst subjects were seated. However, this is also a limitation to the practical application of these results to forensic science. Therefore, after baseline footprint ridge densities have been established, future studies should investigate footprint ridge density of individuals whilst standing, walking and running, in order provide a more practical meaning of these results to forensic science investigators.
Ink was applied to the specific regions on the foot after which the participant applied moderate downward pressure onto the collection card for approximately 1-2 seconds. The ridge density was determined in a 25 mm 2 area in the medial border area of the great toe, and in the central region of the heel as previously described [8, 16] . Ridges were counted under 8X magnification (eyepiece -10X; and objective piece -0.8X) using the EZ4 high definition stereo microscope (Leica Microsystems) and images were captured using the integrated high definition camera (3M pixel) and Leica Application Suite software.
Statistical analysis
The four measurements of ridge density in footprints (left heel, right heel, left great toe and right great toe) were subjected to twoway analysis of variance with the factors sex and ethnicity (SAS procedure GLM) [20] . In addition, logistic regression models, fitting, one at a time, the four measurements of ridge density in footprints as predictors, were fitted to the binary variable ethnicity. Based on the logistic regression models the odds ratios, that is, the change in the odds of belonging to the Cape Coloured ethnic group associated with an increase of one unit in ridge density was calculated.
Similarly, receiver operating characteristic (ROC) curves associated with the logistic regression analyses were determined (SAS procedure LOGISTIC) [20] . The ROC curve plots sensitivity against 1-sensitivity, for a range of cut-off values c. The closer the area under the curve is to 1, the more sensitive and specific is prediction of ethnic group membership using the ridge density measurement in question.
Results and Discussion
Prints from the great toe and heel areas of both feet were collected from each of the 100 participants. Ridge density was calculated for the heel and great toe regions from each participant's feet [8, 16] ; the mean and standard deviation measurements are given in Table  2 . Statistically significant differences in ridge density were observed between the ethnic groups for both the left and right heels (p < 0.05) but not for the left and right great toes (Table 2 ).
Based on logistic regression analysis, the odds ratios, that is, the change in the odds of belonging to the Cape Coloured ethnic group associated with an increase of one unit in ridge density was calculated. The odds ratios are presented in Table 3 .
ROC analysis associated with the logistic regression analysis illustrates the sensitivity and specificity of prediction of ethnic group membership using a measurement of ridge density; in the example the left heel ridge density measurement was used (Figure 1) . Consider a prediction rule for ethnic group membership whereby we declare a footprint as coming from a Coloured individual if the ridge density measurement R is below or equal to a given cut-off value c. Then the sensitivity of the prediction rule is the conditional probability Prob (R ≤ c | Individual is Coloured), and similarly, its specificity is the conditional probability Prob (R > c | Individual is White). The point of the graph indicated in Figure 1 by an arrow is associated with the most suitable cut-off value, namely c = 9 for the case of left heel ridge density. For this cut-off, the sensitivity and specificity of the prediction rule are 0.694 and 0.640, respectively.
The value of these probabilities within a forensic context requires consideration in relation to Bayes' theorem which links the likelihood ratio and prior odds to yield the overall posterior odds [21, 22] . The probabilities estimated here refer to the likelihood ratio and not directly to the posterior odds. The likelihood ratio considers the probability of the evidence given the prosecutor's and defence's hypotheses, respectively. For example, the evidence could be: the ridge density of the foot mark from the left heel is R = 7.5 ≤ c = 9; the prosecutor's hypothesis could be: the individual who left the foot mark is a Cape Coloured; and the defence's hypothesis could be: the individual who left the foot mark is not a Cape Coloured (in this case, a white Afrikaner). The likelihood ratio (LR) in this case is equal to which is approximately equal to 2. Ultimately the court would want to know the posterior odds; the probability of the hypotheses given the evidence (i.e. the probability of the individual who left the foot mark is a particular ethnicity given a particular ridge density). The likelihood ratio calculated using the probabilities such as those presented here would need to be multiplied with the prior odds, such as data on the respective population sizes from the most recent census, in order for the court to accurately assess the posterior odds. Our results suggest that, based on a ridge density measurement, the prior odds could approximately be doubled.
The limitation of this interpretation within the present study is that not all ethnic groups in South Africa were included the study and therefore the calculated likelihood ratio is conditional on individuals being either from the South African white Afrikaans or from the Cape Coloured groups. However, the statistical method described here could easily be extended to include other ethnic groups, should their footprint ridge density data become available at a later stage.
Footprint ridge density has traditionally been used to discern between males and females and can thus provide an investigative lead regarding the sex of a suspect [16, 23] . This association has not been reported in a South African population yet and since this cohort comprised mostly females, the ridge densities were not compared between sexes here. Rather, ridge densities were compared between two South African ethnic groups. The mean ridge densities of the left and right heels were 9.88 ± 1.87 and 10.02 ± 2.17 for South African white Afrikaners; and 8.84 ± 2.16 and 8.94 ± 1.80 for the Cape Coloureds, respectively. The mean ridge densities for both the left and right heels were significantly higher in South African white Afrikaners than Cape Coloureds (p < 0.05). The mean ridge densities reported for both South African ethnic groups however, were generally lower than those mean ridge densities reported in an Indian population: left heel = 10.4 ± 0.9 for males and 11.0 ± 0.9 for females; right heel = 10.4 ± 0.9 for males and 10.9 ± 1.0 for females [16] .
The weight of an individual would impact the resulting ridge density, as heavier individuals would create more distorted prints and an apparent lower ridge density [24, 25] . The weight of individuals was not recorded in this study and it is a limitation; however, participants sat while prints were taken in order to reduce the influence of their weight and to rather capture their feet's ridge densities itself. Yet the exact amount of downward pressure could not be controlled, and likewise this may have had an influence on the resulting ridge density of the prints; the more downward pressure applied, the more distort and larger the friction ridges would appear in a particular sized area, and this would result in an apparent lower ridge density. Therefore, it must also be considered that a lower ridge density could have been observed as a result of more downward pressure as opposed to an individual belonging to a particular ethnic group. These observations and hypotheses would need to be verified in a larger cohort. Ideally, the height and weight of the individual should be recorded and assessed in relation to the foot's ridge density (for both static and dynamic prints). In this study it was not clear how much distortion of friction ridges was due to increased weight or pressure while making the print.
Measurement
Odds Ratio P-value Table 3 : Change in the odds of belonging to the Cape Coloured ethnic group associated with an increase of one unit in ridge density measurement.
Estimate
95% Confidence interval
Figure 1:
Receiver operating characteristic (ROC) curve associated with the logistic regression analyses for the left heel. The arrow points to the highest sensitivity and specificity value of prediction of ethnic group membership, achieved when using a cut-off point of c=9.
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Conclusion
Ridge density in two areas of the footprint was studied for the first time in Cape Coloured and white Afrikaans individuals. Although these two ethnic groups share some ancestry, significant differences in ridge density were observed between the groups in the heel areas of the feet. Although the likelihood ratio estimated in this study cannot be used directly since not all ethnic groups in South Africa were considered, it nevertheless provides a framework of methodology for analysis, as well as acknowledges the limitations of dealing with such data.
